Amount and properties of roots surface charge are important for nutrient uptake and balance in plants. Roots surface charge markedly varies at different rizosphere conditions (particularly pH and ionic strength), which can markedly alter during vegetation season. Among recently available measuring methods, surface charge-pH dependence of roots (as well as other biological objects) is most easily evaluated by potentiometric titration. Use of this method is also easy at different ionic strengths. Potentiometric titration also allows for estimation of the distribution of charge generating surface groups. However, many applications of this method seem to be based either on incorrect methodical or theoretical approaches. In this paper we discuss the methodical and theoretical backgrounds of the titration method. Basing on experimental titration curves of roots of barley grown in nutrient solution, we show inconsistency of surface charge results obtained at different measuring conditions. Limitations of theoretical interpretations of the results are outlined also.
Introduction
Probably the simplest and most convenient method used for estimation of plants root charge versus pH characteristics and to characterize acidic strength of surface charge generating groups is back-titration [1] - [8] . In this method the root suspension is adjusted to a low pH and titrated upwards with the added base. The base added to a solid/liquid suspension is consumed by acids present on solid surface and by acids present in the supernatant, therefore additional titration of the supernatant is performed. At any pH, the amount of base consumed by the roots themselves can be found by subtracting the amount of base consumed by the supernatant from this consumed by the whole suspension. In this way the titration curve of the roots solid phase is obtained which serves for estimation of roots charge-pH dependence and for characterization of acidic strength (dissociation or proton binding constants) of charge-generating surface functional groups. These groups have been usually modeled as one or more negatively charged biotic ligands. Usually models involving discrete rather than continuous distributions of their dissociation constants are preferred. However, due to high heterogeneity of acidic properties of charge generating groups, occurrence of their discrete distributions seems hardly probable. Moreover, proper defining of discrete dissociation constants requests the titration curves exhibiting one or more well established inflexion points (polysigmoidal curve shape) that, from our experience, frequently results from improper titration conditions, which of course give also uncertain results of roots surface charge. In the present paper we show proper conditions for estimation of experimental back-titration curves of plant roots and show a simple background for their theoretical analysis using continuous site-distribution model. Obviously the back-titration method may be applied for studies of any solids including plant tissues, biological membranes, microorganisms etc. In this paper we consider plant roots as an example.
Methodical Aspects of Titration Measurements

Expression of Raw Titration Data
Classically, the titration curves are expressed as dependencies of the pH of the titrated sample on the amount (mol) of the added titrant (base). As mentioned earlier, to find the roots titration curve, the amount of base consumed by the supernatant at any pH should be subtracted from this consumed by the whole suspension at the same pH. To do this instead of classical titration curves one should construct plots showing the amount of the titrant as a function of pH (change x and y axis) for both the suspension and supernatant, interpolate the amounts of base consumed by both of them to the same pH values (preferably with a constant step) and finally calculate their differences. For any purpose, the amount of the base consumed by the unit mass of the roots should be estimated, therefore the mass of the roots present in the titrated suspension should be known.
Estimation of the Mass of the Titrated Sample
Since roots always contain some amount of water depending on their initial moisture, laboratory temperature and air humidity that may also vary due to different root structures developed at different plant growth conditions, expressing the titration data basing on actual roots weight may lead to considerable uncertainty. Therefore as a reference state the mass of completely dry roots should be preferred that may be found after heating the roots by 24 h at 105˚C. Such procedure removes physically bound water and is well reproducible [9] . Therefore we suggest estimating the dry mass of the titrated roots basing on 105˚C drying of the material subsample.
Origin of the Investigated Roots
Most interesting for a researcher is the behavior of plant roots under natural conditions, so studying of roots harvested directly from a soil seems to be a preferred option. However in this case the finest roots may be adhered to soil grains and removed with the soil at harvesting and/or some finest soil components adhered to the roots may be taken together with the experimental material that may strongly affect the results [10] . Therefore studies of roots coming from more clear environments as hydroponics or aeroponics should be preferred, if possible.
Sample State
In general the roots charge (and CEC value) depends, except of plant type, age and growth conditions, on the state of the material used (living, fresh or dried) [11] - [18] . Thus selection of the sample state is generally a matter of choice, however it must be the same for any comparison purposes. For comparison of roots grown at different conditions and harvested at the same time, we prefer air-dried roots that are cheapest and very convenient method allowing for longer storage of the experimental material. The titrated roots must be equilibrated with the suspension medium what is particularly important if dry (or lyophilized) material is to be titrated. Therefore the roots suspension should be prepared some time earlier before the titration-we equilibrate suspensions of air dry roots overnight. Difficulties in titration of the whole roots may occur, particularly if mechanical stirrer is used for mixing (roots wrap around the stirrer) therefore cutting of roots to around 1 -2 mm length pieces is recommended. The cut material can be much better homogenized.
Standardizing Ionic Composition of the Root Suspension
Different cations present on the root surfaces may markedly change the ionic strength of the titrated suspension that should be kept constant during the titration. Some cations, particularly aluminum, iron and heavy metals, may buffer the pH in various ranges altering the titration curves. Therefore prior to the titration the ionic composition of the sample should be standardized that is particularly important for comparison of roots coming from various growing conditions. The electrodialysis method has frequently been employed for this purpose, however it is a drastic process that removes organic materials from the interior of the roots and affects the measured CEC in close relation to the severity of the treatment [19] . The acid washing method has been used alternatively. In this method the root-exchange sites must be completely saturated with H+, however it may not be satisfied if acid washing causes leakage of metal cations from inside of tile root cells. In our studies we rinse the roots 3 times in 0.01 moldm −3 HCl and 5 times in distilled water. Because basic cations in the third HCl extract were not detectable by AAS, we assumed that the homoionic hydrogen form of the roots is obtained.
Preventing Contact with Laboratory Air
Very important is preventing the laboratory air contact with the titrated sample. Absorbed carbon dioxide is titrated simultaneously strongly altering the results. To prevent this gaseous nitrogen is passed through the sample for some time before and during the whole experiment. Similar restrictions should be applied for preparation of the reagents. Outgassed water (or salt solution) and the reagent free of carbonates should be used for preparing the titer solution. The contact of the titrant with laboratory air should be prevented prior and during the titration.
Estimation of Base Consumption by Supernatant
The supernatant can be extracted from concurrently prepared or from the same suspension. In the latter case half of the supernatant to be titrated is extracted from the studied suspension prior to its titration. We tried to separate supernatants from root suspensions after 15 min centrifuging at 6000 rpm. Large amount of base was consumed by the separated supernatants that we attributed to not complete settling of low-density hydrophilic organic particles. Further increase in the centrifuging time to 30 min and rate to 8000 rpm did not improve the situation or even lead to an increase of the amount of base consumed by the separated supernatants. Most probably during centrifuging root cells break evolving organic compounds from their interior as was postulated in [20] . However, this is worth to mention that in [21] any marked release of root organic compounds during centrifuging of soil samples amended with 14 C labeled roots was observed. To avoid the uncertain step of supernatant separation, instead of measuring the supernatant titration curve we prefer to use the titration curve of the suspension medium i.e. the titration curve of the solution applied for the suspension preparation.
Salt and Base Concentration Effects
Buffering ionic strength during the titration may be also important since dependence of plant materials exchange properties on salt concentration is frequently observed [22] , however any dependence has been also reported [23] . Changes in ionic strength may occur during titration due to the suspension dilution with the added base, therefore the titrant should contain that same salt concentration as the titrated suspension, which is frequently forgotten in many studies. The pH of a suspension depends on solid-liquid ratio that changes during titration due to addition of the titrant what may be minimized applying high base concentration, however too high concentrations may decrease precision of base dosing.
Titration Equilibrium
The ideal titration curve should be registered maintaining acid-base equilibrium conditions. To do this several parallel root samples may be treated with different increments of NaOH and pH of each suspension should be measured till constant value, however this needs huge amount experimental material. Using single sample, equilibrium conditions may be approached either by stepwise titration (manual or automatic) allowing the suspension to reach pH stability prior to the addition of the next aliquot of base or by automatic titration at extremely low titration speed (that can be manipulated also by varying sample mass or base concentration). All equilibrium titrations need much time so their results may be affected by bacterial or fungi attack, or by tissue maceration.
Interpretation of Titration Data
Evaluation of Surface Charge of Roots
Surface charge of plant roots is generated by dissociation of ionogenic functional groups occurring on various molecules from which the root tissue is composed. There can be several types of such groups of varied proton binding strengths e.g. amine, carboxyl, phenolic, phosphate [4] [5] [17] . The dissociation of such surface groups, SG, can be described by two general reactions:
for principally neutral surface groups which are actually protonated (e.g. amines at low pH values), and by:
for acidic type groups. The addition of a base hydroxyls to the above systems during titration results in neutralization of surface protons in the reactions:
that leads either to decrease of positive surface charge (reaction 3) or to increase of negative charge (reaction 4). Positive surface charging of at low pH values is certified by occurrence of the isoelectric point (IEP) of some plant components: for thylakoid membranes it is 4.1 -4.7 [24] and for barley roots plasmalemma vesicles is 3.6 -3.7 [25] . Since this is extremely difficult to quantify charges associated to surface groups of both above types, and both these groups are proton donors (acids), in titration experiments one usually assumes that only surface acids, SAH are present both and reactions are unified to:
Now all changes in surface charge due to base addition are formally treated as increase in negative surface charge so the amount [Mol] of base consumed by the solid phase of the roots, N roots (pH), during titration of the roots suspension from any pH 1 value up to any other pH 2 value (a difference of the base consumed by the suspension and the supernatant) is assumed to be equivalent to the increase of the negative surface charge of the roots themselves in the considered pH range, ∆Q V (pH):
At the beginning of the titration (for initial pH 1 = pH ini ) the surface charge has the value of Q ini which value is not measured during titration. Due to rather low dissociation constants of root surface acidic groups, an amount of negative charge generated by them at low value of pH ini should be really small and therefore one frequently assumes that Q ini = 0. However, protonation and positive charging of other surface groups (see Equation (1)) increases with pH decrease, so the amount of positive charge may be significant at initial low pH of the titration. In this case significant portion of the added base can be in fact used for neutralization (decrease) of positive surface charge and not to increase of negative charge.
Among various methods applied to estimate the CEC of plant materials, retitration of acid washed material to a neutral pH [26] has been probably most common one. This method is equivalent to titration of plant root suspension to pH = 7. We hypothesize that the existence of root positive charge may be responsible for frequently reported overestimation of CEC of roots measured by the above methods in respect to CEC measured in other ways at the same pH values (∆Q V from titration includes initial positive charge and increase of negative charge while CEC is a measure of cations adsorbed only on negative charges).
Evaluation of Dissociation Constants of Roots Surface Acids
Because of various chemical character and/or various locations in the macromolecules the acidic strength (and dissociation constants) of surface acids can differ markedly. The charge-generating dissociation reaction of any acid kind i located on root surface, SAH i , can be written as:
where H s + denotes proton at the plane of dissociation. Since the dissociation takes place near the surface, it is described by the intrinsic dissociation constant, K intr , which for each of i-th surface acid may be written as:
where the brackets denote surface activities. The surface protons concentration is affected by electrostatic interactions with charged surface. 
where Ψ is the difference in electrostatic potential between the surface (plane of dissociation) and the bulk of the solution, F is Faraday s constant, R is the universal gas constant and T is the absolute temperature.
Since determination of the value of Ψ is not easy [27] , and it undergoes continuous changes during the titration due to changes in surface charge, one usually neglects the electrostatic effects and places:
Under such assumption, instead of the intrinsic, the apparent surface dissociation constants, K app , are considered:
This is worth noting that at high ionic strengths the concentration of any ion near the charged surface approaches its concentration in the bulk solution due to shrinking of diffuse double layer. Therefore it is preferable to maintain higher neutral salt concentrations of the supernatant during the titration process, because in this case H s +     is closer to (H + ) and K ,intr is better approximated by K app . High ionic strength allows also for a better development of variable surface charge because at high ionic strengths dissociation of surface groups is less hindered by electrostatic effects.
Let us consider the root surface as being a mixture of n surface acids kind i of initial concentrations (activities) c i . The apparent dissociation constant of each acid may be written as:
The dissociation of water is:
At any point of the titration the electrostatic balance for the whole titrated system requests that sum of charges carried by all cations is equal to the sum of charges of all anions. Assuming no soluble acids are present in the supernatant (i.e. considering titration curve of roots solid phase only), the amount of base BOH added to the system equal to the amount of its B + cations, the ionic balance may be written as:
where v denotes the actual volume of the titrated system, assumed further to be constant during the whole titration process (that is equivalent to titration with base of extremely high concentration). Dividing Equation (1) 
The latter ; K app,i /K app,i+1 is constant for a given set of n acids; and c i =1/n (the sum of concentrations of all acids is equal to 1). Figure 1 illustrates important features of titration curves: for 3 acids (and of course for 1 and 2 acids, as well) one can distinguish very well defined inflection points that is due to high differences between dissociation constants of particular acids (For n = 3 this is around over 2 orders of magnitude). Inflection points in titration curves of four acids are still visible, however distinguishing of inflection points for mixture of five and more acids appears to be very problematic.
The inflection points of the titration curve of any acid, including surface acid SAH, occurs when the buffering capacity of the system acid/anion is the highest i.e. where concentration of nondissociated acid equals the concentration of its anion (salt):
Having in mind the above circumstance, at the inflection point one has:
Therefore pH at any inflection point corresponds to -log of dissociation constant of the respective surface acid present in the titrated system.
Inflection points (and pK app,i values) can be determined from pH values at which peaks of the first derivative of the titration curve on pH are located, which for the Figure 1 mixtures are presented in Figure 2 . Figure 2 shows that discrimination of dissociation constants of 7 (and more) individual acids present together in the titrated mixture is not possible even for ideal (computer-generated) titration data. This also shows impos Figure 1 . Simulated using Equation (11) titration curves of of 3, 4, 5 and 7 different surface acids of various ratios of dissociation constants (given within each plot). On y axis the amount of the base used for titration (B) is plotted. sibility of distinguishing acids of dissociation constants differing by around one order of magnitude (in our case they differ by a factor of 7:K i /K i+1 = 7 that only accidentally meets the number n of titrated acids). Distinguishing dissociation constants from experimental titration data of acid mixtures is much more complicated. Even if we have titration data measured with extremely high precision, finding inflection points is hardly possible in most cases. Figure 3 (analogically to Figure 2 ) shows first derivatives of titration curves for mixtures of 3, 4 and 5 acids from Figure 1 with arbitrarily introduced ± random errors of pH readings of maximally 0.01 pH unit (it is almost impossible to reach so high precision in practice). Figure 3 shows that discrimination between dissociation constants of only four surface acids basing on experimental titration curves may cause serious difficulties due to severe data scattering. Looking on the problem from the opposite side-one can simulate (reconstruct) any experimental titration curve assuming that it results from titration of a mixture of not more than four acids of arbitrarily selected dissociation constants and of concentrations c i found as best-fit parameters.
Since estimation of apparent surface dissociation constants of a mixture of a few surface acids is practically possible only for titration curves exhibiting well developed inflection points, for majority of real roots titration curves one should find another approach to characterize strength of surface acids. This is usually done by estimation of average value of surface dissociation constants. The curves presented in Figure 2 and Figure 3 may be interpreted in terms of the frequency χ of occurrence of various pK app values within the titrated acids mixture:
where f is the fraction of neutralized acids. The χ(pK app ) versus pK app dependence is thus the (nonnormalized) distribution function of acid dissociation 
The average apparent surface dissociation constant is defined as:
( ) , p p dp
As this is seen, estimation of both normalized pK app distribution function and pK app,av value needs having ∑c i value, equal to the amount of base requested for total neutralization of all surface acids, N tot Since experimental determination of N tot is hardly possible, for practical purposes one usually assumes that it is equal to N max, i.e. the maximal value of the base (N susp -N sol ) used for titration within the whole experimental window. Moreover, since distinguishing between groups of surface acids differing in dissociation constants by less than one order of magnitude makes no sense, using experimental titration data to calculate the distributions of surface dissociation constants one should rather rely not on continuous but rather on discrete distribution functions, thus Equation (17) 
Experiments
Material
Roots of barley Hordeum (Ars) Stratus grown in the Marshner and Romheld nutrient solution [28] , harvested at the occurrence of a Flag Leaf, washed thrice with excess of 0.01 Mol•dm −3 HCl, fivefold with distilled water, and stored in the air-dry state were used for titration. The detailed description of plants growth conditions, root harvesting and acid washing is described in [9] .
Sample Pretreatment
At first the air dry roots were cut to around 1mm pieces and carefully homogenized. Next the dry mass content in the air-dry roots was estimated after 105˚C drying by 24 h. Each sample of air-dry (nonheated) roots to be titrated was suspended overnight in 20 ml volume of a supernatant in a closed titration vessel. As the supernatants NaCl solutions of different concentrations: 0 (water), 0.01, 0.1 and/or 1.0 Mol•dm −3 were used. Prior to the titration each roots suspension was adjusted to pH ≈ 2.95 by additions of small increments of 1 mol•dm −3 HCl. If the final pH did not change more than by 0.01 pH unit by 5 min, the suspension was weighed (for precise determination of the supernatant volume) and the titration was started.
Static Titration
Four series of root suspensions prepared as described above were titrated in triplicate. Each from the series contained eleven root samples of 0.1 ± 0.001 g (weighed with the precision of 0.0001 g). Different 1.00 Mol•dm −3 NaOH aliquots (with accuracy of 1 μl) were added to each of the suspension. NaOH was dissolved in NaCl solution of the concentration equal to this of the respective supernatant. The vessels were closed, placed on a rotary shaker and the suspensions pH after various time intervals were registered. Similarly 20 ml aliquots of the G. Jozefaciuk et al. 1870 supernatants were titrated.
Automatic Titration
The automatic titrations were performed in triplicate using Titrino autotitration unit provided by Mettler Toledo equipped with Orion Research combined electrode. The continuous flux of nitrogen through titrated medium was applied starting 60min before the titration. Suspensions containing around 0.025, 0.05, 0.10 and 0.25 g of air dry roots (exact weight estimated with a precision of 0.0001 g) were titrated using 1.00 mol•dm −3 NaOH dissolved in the respective NaCl solution. The titrations were proceeded with 10 µl aliquots of NaOH allowing the suspension to reach a stability of 0.001 pH units −1 prior to the addition of the next aliquot of base. The titration curves of the supernatants (the respective NaCl solutions) were determined in similar way.
Data Elaboration
Each of three replicates of most of titrations curves differed not more than 3.2%. Higher variations (up to 6%) were noted only for static titration curves registered after two extreme equilibration times (24 and 48 h) .The data presented further are arithmetical averages from triplicate measurements, for which only standard deviations were calculated. Figure 4 shows exemplary static titration curves for the studied roots suspensions.
Results and Discussion
Titration Curves
Initially the pH of the suspensions decreases in the whole range of the base added that may be attributed to slow kinetics of neutralization of surface acidic groups and after longer equilibration times the pH increases at lower base doses, that cannot occur if only neutralization of acids takes place. The latter phenomenon is most probably due to growth of microorganisms within roots suspensions since the roots samples were not disinfected. The observed pH increase is largest in root-water suspension and decreases with NaCl concentration, that may be due to inhibiting effect of salt level on microorganisms development. Due to the above effect we further consider the static titration curves measured after 8h equilibration as equilibrium titration curves. Figure 5 shows exemplary titration curves measured by automatic titration for suspensions of roots samples of various masses.
The shape of the automatic titration curves depends on the mass of the root sample. For small sample masses two inflection points can be distinguished while only one inflection point is observed for higher masses. This is most probably connected with nonequilibrium titration conditions. The same titrant aliquot added to smaller root mass results in higher titration rate per unit mass of the roots than for higher root mass. Certainly, even the applied condition of titration pH stability is not enough to preserve similar pseudo equilibria of neutralization of surface acids during automatic titration of suspensions of different solid: liquid ratios. It shows another important problem of titration: using small samples one can erroneously interpret the roots behavior.
Variable Charge vs. pH Dependencies
Variable charge vs. pH dependencies for the studied roots calculated according to Equation 6 are presented in Figure 6 . In this Figure surface charge developed by unit mass of 105˚C heated roots is presented basing on estimation of moisture content of the titrated air dry roots equal to 89.6% w/w. The experimental window between pH 3.0 and 10.0 was selected and the amounts of base consumed by a given suspension and supernatant during titration to different common pH values were estimated from best-fit polysigmoidal curves (curvexpert program by D.G. Hyams). Having much more experimental data from autotitration than from static titration, we interpolated pH data with the step of 0.2 and 1.0 pH unit, respectively.
The higher mass of the root sample the better the coincidence of the charge calculated from automatic titration and the equilibrium charge. Automatic titration with higher rates (lower sample masses) appear to produce unrealistic results of charge-pH curves in pH > 7 range. High charge-salt concentration effect is observed. In water the total surface charge of the roots (at pH = 10) is around 1.6 and it consecutively increases up to around 2.0 in 1 M NaCl. 
Distributions and Average Values of Surface Dissociation Constants
Normalized apparent surface dissociation constants distribution functions calculated from Equation (20) for variable charge vs. pH data (Figure 6 ) are presented in Figure 7 .
The pK app distributions calculated from static titration data are almost identical to these calculated from automatic titration for maximum root mass (Figure 7 , left plot) that indicates applicability of low speed autotitration to roots surface charge studies. From this plot one can see that roots titrated in water exhibit significant amount of strongly acidic surface groups (pK app = 3.5) that may reflect exchangeable protons adsorption on negative part of the initial surface charge. Increasing salt concentration in the supernatant leads to replacing of exchangeable protons by sodium ions and an apparent decrease in strong acids fraction. Generally, one-peak distributions are calculated at quasi-equilibrium titration conditions. Right plot in Figure 7 illustrates differences in pK app distributions calculated from automatic titration data for different masses of titrated roots (here the first derivatives of titration data with a step of 0.2 pK app unit are plotted). For low masses of root samples one obtains two-peak distributions that are due to improper titration conditions and not to the nature of the studied roots surface.
Values of negative logarithms of average surface dissociation constants calculated from Equation (21) using data illustrated in Figure 7 are presented in Table 1 .
The values of average pK app , reflecting the overall acidity of the root surface appear not to exhibit any welldefined trend with changes in supernatant salt concentration, however we expected that they would decrease with increasing ionic strength due to evident decrease in the amount of strongly acidic surface groups, as seen from distribution functions. The expected trend is better pronounced for static titration (EQ) data, however in general, the average pK app value seems not to be a good indicator of root surface acidic character and one should better rely on interpretation of behavior of distribution functions. Even drastic differences in distributions of surface acidic groups as revealed for automatic titration of different root sample masses are not much reflected in changes of average pK app .
Addendum: Surface Charge Density
Surface charge density, SCD, of the root surface governs primarily the uptake of all mineral ions into the plant, however it can also influence the transport ATPases in root cells, fluidity of cell membranes and many other plant processes and properties [29] - [31] . The root SCD is defined as an amount of charge located on unit area of the roots. Having known the root surface charge at a given pH, Q (Mol•g . Root surface charge vs. pH dependence at various concentrations of NaCl calculated from titration curves measured for various weights of the root samples given within the Figure. Equil denotes equilibrium charge calculated from 8h static titration data. The curves show average data calculated from three titration replicates. Not to shadow details only the largest error bars (standard deviations) are included for charge calculated for the sample of the smallest mass. 1 
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where F (C•Mol ) is the specific surface area of the roots. Since in [9] we estimated the surface area of the same roots as these studied in the present paper, being around Abbreviations: AT-automatic titration of root mass given after the letters, EQ-8h static titration. Note: values in first two columns calculated from distribution functions presented in the left plot in Figure 7 and in next four columns from data in the right plot. Average data ± standard deviations, calculated from three titration replicates are presented. , we took this value to calculate SCD of the studied roots. The value of roots surface charge at pH = 7 (1 mMol•g ) measured also at pH = 7 for different components of plant roots (microsomes, plasma membranes, plasmalemma vesicles, different membrane fractions extracted from roots of seedlings) using 9-aminoacridine fluorescence [29] - [32] , that is considered as a standard method. The above discrepancy may be explained at least in two manners. The first is high heterogeneity in location of surface charged groups on the surface: in this case large aminoacridine molecule covers a few charged groups and screens them from further electrostatic adsorption of the next aminoacridine molecules (thus the remaining charged groups present "under" the adsorbed aminoacridine molecule are neutralized by small basic cations). The second explanation lies in high geometric heterogeneity of the root surface and occurrence of very thin pores (of charged walls) into which large aminoacridine molecule cannot penetrate. Assuming that the area of one aminoacridine molecule equals 70 square Angstroms (here we rely on the area of its analogue anthracene, being around 68 square Angstroms, as found in http://www.chemicalize.org/structure) the 1 m 2 of flat and homogeneously charged surface may be covered by maximum 1.4 × 10 18 aminoacridinemolecules present in monolayer. Such value gives surface charge density of around 230 mC•m −2 that means that if the studied roots surface is flat, the aminoacridine method can measure all root charges developed at pH 7 (of course if charging of the whole roots is similar to its components).
Conclusions
Since titration results have to be expressed on unit mass of the roots, we propose to use the mass of 105˚C dried roots for this purpose.
The most important element in measurements of titration curves of plant roots is maintaining acid-base equilibrium, however it is not easy to get it in practice, even for long time static titration.
Inflection points on titration curves used commonly for estimation of dissociation constants of surface acidic groups may result from nonequilibrium titration conditions. Plant roots surface charge seems to be very heterogeneous thus common attempts to describe it using discrete-site distribution models seem to be a tacit over interpretation of experimental data.
Salt concentration strongly influences the measured surface charge therefore buffering ionic strength of the supernatant during titration is also necessary.
Using surface charge from titration and surface area from water vapor adsorption, one determines surface charge density around 10 times higher than that evaluated by 9-aminoacridine fluorescence.
